While cadmium telluride (CdTe) thin films are being used in solar cell prototyping for decades, the recent advent of two-dimensional (2D) materials challenges the fundamental limit for thickness of conventional CdTe layers. Here, we report our theoretical predictions on photocarrier dynamics in an ultimately thin (about 1 nm) CdTe slab. It corresponds to a layer that is just a single unit cell thick, when the bulk parent crystal in the zinc blende phase is cleaved along the [110] facet. Using an ab-initio method based on density functional theory (DFT) and the Boltzmann equation in the relaxation time approximation (RTA), we determine the thermalization time for charge carriers excited to a certain energy for instance through laser irradiation. Our calculations include contributions arising from all phonon branches in the first Brillouin zone (BZ), thus capturing all relevant inter-and intraband carrier transitions due to electron-phonon scattering. We find that the photocarrier thermalization time is strongly reduced, by one order of magnitude for holes and by three orders of magnitude for electrons, once the CdTe crystal is thinned down from the bulk to a monolayer. Most surprisingly, the electron thermalization time becomes independent of the electron excess energy up to about 0.5 eV, when counted from the conduction band minimum (CBM). We relate this peculiar behavior to the degenerate and nearly parabolic lowest conduction band that yields a constant density of states in the 2D limit. Our findings may be useful for designing novel CdTe-based optoelectronic devices, which employ nonequilibrium photoexcited carriers to improve the performance.
I. INTRODUCTION
Dynamics of nonequilibrium carriers in semiconductors greatly impact the performance of optoelectronic and photovolatic devices because of the high excess energy that they can transfer [1, 2] . The phenomenon is especially interesting in low dimensional structures [3] , where carriers can be extracted well before thermalization and potentially be exploited in external circuits [4] . This approach, however, requires full understanding of the excited carrier evolution on an ultrafast time scale.
In the following the term "hot carriers" may refer to electrons or holes being either in or out of equilibrium. In the former case, the carriers are described by a Fermi-Dirac distribution with a temperature hotter than those of the lattice. In the strong nonequilibrium state the concept of temperature becomes meaningless, and the carriers are instead characterized by a certain excess energy. The simplest way to generate such hot carriers in a semiconductor is the interband excitation of electron-hole pairs by light absorption. The electron or hole excess energy, counted from the respective band edges, is determined by the frequency of the absorbed photons. Since we consider a single-temperature model in this work, we will use the terms "hot carriers" and "photoexcited carriers" interchangeably.
A direct bandgap facilitates the interband absorption in semiconductors, because of the vanishing momentum mismatch in optical transitions between the valence band maximum (VBM) and CBM. Group II-VI and III-V semiconductors exhibit a direct bandgap and are therefore excellent candidates to exploit interband optical transitions. One of the popular choices among this group is CdTe, being a direct-bandgap semiconductor used in electro-optic modulators and nuclear detectors [5] . Its most prevalent commercial application is in photovoltaics as a component of cadmium sulfide (CdS)-CdTe junctions [6] . State of the art CdS-CdTe solar cells have reached impressive 21% external quantum efficiency [7] .
Recent progress in nanofabrication technologies has made it possible to reduce the thickness of CdTe crystals to just a few layers [8] and even to roll the layers up into nanoscrolls [9] . Atomically thin layers of other members of the group II-VI semiconductors have also been synthesized recently [8, 10] . In particular, a four-layer-thick zinc selenide (ZnSe) slab cleaved along the [110] facet of the bulk crystal has been shown to be stable [11] . Note that bulk CdTe features the same zinc blende crystal structure as ZnSe, see Fig. 1 (a). Keeping in mind this tremendous progress, we anticipate fabrication of monolayer CdTe in the near future, because first principles studies suggest that this material is dynamically stable [12] [13] [14] . In this work we address what happens with the ultrafast dynamics of photoexcited carriers in CdTe films, once their thickness is reduced down to the fundamental limit of a monolayer, as shown in Fig. 1 
Such extremely thin CdTe films belong to the class of atomically thin or 2D materials such as graphene [15] , transition metal dichalcogenides (TMDCs) [16] , 2D oxides [17] , germanane [18] , and phosphorene [19] . 2D materials show properties drastically different from their bulk counterparts due to quantum confinement. For example, TMDCs demonstrate a transition from indirect to direct gap when reduced from the bulk to a monolayer, resulting in strong excitonic photoluminescence peaks [16, 20] . Interestingly, the opposite behavior of a direct to indirect bandgap can be observed in metal monochalcogenides, leading to a vanishing of the excitonic absorption in stacks that are less than 8 layers thick [21] . The peculiar optical properties make 2D materials promising for photodetection and other photonic applications [22] [23] [24] [25] [26] .
To understand the microscopic details of hot-carrier dy- namics in CdTe, both theoretical and experimental efforts are necessary. There are several pump-probe studies on the electron-spin relaxation in bulk CdTe, highlighting the role of photoexcited carrier density and excitation energy [27] [28] [29] . In the pump-probe studies the carriers mainly thermalize via emission of optical phonons and interactions with defects [27, 29, 30] . Although surface phonons in the group II-VI semiconductors have also been investigated [31] , their role in photocarrier thermalization is still unknown. In perfect crystals the dominant mechanisms involved in hot-carrier scattering are electron-electron and electron-phonon interactions [3] . It is well established by means of ab-initio methods that the electron-phonon scattering plays a major role near the band edges [32] [33] [34] . We therefore focus on the electron-phonon scattering in this paper. In what follows we combine DFT with many-body perturbation theory to calculate band-and momentum-dependent electron-phonon scattering times over a range of temperatures. Furthermore we use the Boltzmann equation in the RTA to compute the thermalization time of photoexcited carriers with a given excess energy. Our approach highlights the effects of electron-phonon scattering, providing access to the microscopic details involved in photocarrier thermalization processes. We show that the thermalization process is qualitatively different, depending upon whether CdTe is bulk or 2D. The respective thermalization times differ by orders of magnitude and demonstrate a distinct behavior upon excess energy and temperature changes. The paper is organized as follows. In Sec. II, we discuss the computational methods used to calculate electronic and phononic properties, electron-phonon scattering rates, and photocarrier thermalization times. In Sec. III, we explain the results obtained for bulk and monolayer CdTe. Finally, we conclude with a summary and an outlook in Sec. IV.
II. COMPUTATIONAL DETAILS
To calculate electronic and phononic structure information, we use ground-state DFT within the local density approximation (LDA) considering spin-orbit coupling and rely on the implementation in QUANTUM ESPRESSO [35] . We employ plane wave (PW) basis sets with a kinetic energy cutoff of 70 Ry, a charge density cutoff of 280 Ry, and Troullier-Martins pseudopotentials including a relativistic core correction that assume six valence electrons for both Cd and Te [36] . The dimensions of the unit cell and the atoms inside it are relaxed with the help of the Broyden-Fletcher-Goldfarb-Shanno algorithm for both bulk and monolayer CdTe until the net force on atoms is less than 10 −6 Ry/a.u. and total energy changes are below 10 −8 Ry. We separate CdTe monolayers in the out-of-plane direction through vaccum with a thickness of 18Å to avoid spurious interlayer interactions. The electron density is calculated on a Γ-centered k grid in the BZ containing 12 × 12 × 12 points for bulk and 9 × 12 × 1 points for monolayer CdTe. The phonon band structure is computed within density functional perturbation theory (DFPT) [37] on a Γ-centered q grid of size 6 × 6 × 6 for bulk and 9 × 12 × 1 for monolayer CdTe.
Having determined electronic and phononic band structures, we evaluate the electronic self-energy Σ nk (T ) in the lowest order of the electron-phonon interaction for a given electron band n, a wave vector k, and the temperature T using the EPW code [38] . The self-energy is given as
Here, ω pq is the phonon energy for the branch p with the wave vector q, ε F is the Fermi energy set to the middle of the gap for intrinsic semiconductors, f (0) nk (T ) and N ωpq (T ) are the Fermi-Dirac and Bose-Einstein distributions for electrons and phonons, respectively, Ω BZ is the volume of the BZ, and η = 20 meV is a small broadening parameter. A key ingredient in Eq. (1) are the electron-phonon interaction matrix elements given by [38] g mn,p (k, q)
where ∂ pq V characterizes changes of the Kohn-Sham potential for displacements of nuclei through the phonon mode pq.
In other words, the matrix elements g mn,p (k, q) describe the electron scattering between the initial state |nk and the final state |mk + q mediated by the phonon pq. The first term in the square brackets of Eq. (1) describes phonon absorption by an electron, the second one phonon emission.
To compute Σ nk (T ), we interpolate electronic wavefunctions, eigenenergies and dynamical matrices on finer k and q grids using Wannier function (WF) techniques, as employed in the EPW code [38] [39] [40] . We find k and q grid sizes of 45 × 45 × 45 for bulk and 300 × 300 × 1 for the monolayer to be sufficient to converge the sum in Eq. (1) .
We note that in our formalism the electron-phonon couplings are assumed to be small enough such that electronic wavefunctions, eigenenergies, and dynamical matrices are basically unchanged as compared to ground-state calculations. Also, anharmonic interatomic interactions, which lead to phonon-phonon interactions and may alter scattering rates and phonon frequencies, are disregarded for simplicity [38, 41] . We assume electron and phonon baths to be at the same temperature T . The electron-phonon scattering time can then be determined as
Conversely, Im[Σ nk (T )] is proportional to the electronphonon scattering rate 1/τ nk (T ) and is seen to be composed of contributions originating from phonon absorption and from phonon emission in Eq. (1). We simulate photoexcited-carrier dynamics in bulk and monolayer CdTe using the Boltzmann equation in the RTA. The initial photoexcited-carrier distribution f nk (0, T ) is modeled as the sum of a nonequilibrium Gaussian centered at the excess energy ζ (−ζ) from the band edges for electrons (holes) and the equilibrium Fermi-Dirac distribution f 
We choose a small energy broadening σ = 8.47 meV and take the different density of states (DOS) in the conduction and valence band into account by adjusting λ e and λ h to ensure identical concentrations of photoexcited electrons and holes at ±ζ from the CBM and VBM, respectively. The time evolution of the electronic occupation f nk (t, T ) within the RTA is calculated separately for electrons and holes. It is given as
with the solution
Here, f th nk (T ) is the Fermi-Dirac distribution at t → ∞ with the quasi-Fermi level corresponding to the same number of photoexcited carriers as at t = 0. Equation (6) is only valid for weak excitations, when RTA applies [42] . The intermediate relaxation steps are omitted within RTA, and the photoexcited carriers for a given |nk relax directly to equilibrium with the rate
We define the thermalization time τ th as
with the population
In our numerical calculations, we approximate the delta function in Eq. (8) by a narrow Gaussian with a width of 20 meV. We focus on excitations above the quasi-Fermi levels, so that the finite width does not affect τ th .
III. RESULTS
Bulk CdTe possesses the zinc blende structure with a relaxed lattice constant of |a| = 6.42Å, see Fig. 1(a) , and shows Cd-Te bonds of mixed covalent-ionic character with lengths of 2.87Å, in good agreement with experimental values [43] . All the facets except [110] exhibit a polar surface and are therefore unstable [44] . This is the reason, why we cleave CdTe along the [110] facet to obtain a stable monolayer. As shown in Fig. 1(b)-(c) , the monolayer unit cell consists of 8 atoms: 4 Cd, 4 Te, and each Cd atom is bonded to three Te atoms and vice versa. Due to the energy optimization of the unit cell, exterior Cd atoms are pulled into the layer, resulting in a rippled surface. We find lattice parameters of monolayer CdTe to be |a| = 6.20Å, |b| = 4.48Å, and Cd-Te bond lengths to vary in the interval of 2.72 to 2.83Å, in agreement with a previous DFT study of monolayer CdTe [45] . Figure 2 (a)-(b) shows the electronic band structures for bulk and monolayer CdTe along with the corresponding DOS. Both materials exhibit a direct bandgap with the VBM and CBM located in the center of the BZ, i.e. at the Γ point. As visible in Fig. 2(a) , the bulk valence band at the Γ point is fourfold degenerate, and the spin-orbit split-off band is shifted down from the VBM by about 0.8 eV. The VBM of the monolayer is two-fold degenerate, but the degeneracy is quickly lifted away from the Γ point, see Fig. 2(b) . We construct WFs from the PW basis, and the excellent match between WFinterpolated and PW-derived band structures demonstrates the quality of the WFs. DFT in the LDA is not able to predict the bandgap values reliably, and more advanced methods are required for this purpose like DFT with hybrid exchangecorrelation functionals or the GW approximation. We compute DFT bandgap values for bulk and monolayer CdTe of 0.18 and 1.2 eV, respectively. To correct the bandgaps, we perform a rigid shift of occupied and unoccupied electronic bands to match with the experimental value of 1.5 eV for bulk and with calculations using the Heyd-Scuseria-Ernzerhof (HSE) functional of 2.13 eV for monolayer CdTe [45, 46] . While the shift modifies the electronic gap sizes visible in Figs. 2(a)-(b) and 3, the temporal dynamics studied in Figs. 4 and 5 are not affected by this choice. Since the electronic bandgap is much larger than maximum phonon frequencies, see Fig. 2 , electrons and holes thermalize separately in our model.
The phonon spectra of bulk CdTe are well studied, and our result in Fig. 2(c) matches well with the phonon band structure calculated previously [47] . Monolayer CdTe, featuring 8 atoms in the unit cell, gives rise to 3 acoustical and 21 optical modes with the highest longitudinal-optical mode energy of 23 meV reached between the Γ and X points, see Fig. 2(d) . This agrees with the DFT results of Ref. 45 . Positive frequencies throughout the BZ ensure the dynamical stability of monolayer CdTe. ing interband scattering. At higher energy Im[Σ nk (T )] shows a sudden increase, reaching a plateau just above 2 eV that is followed by a second step at 2.7 eV. These abrupt changes around 1.75 eV and 2.7 eV take place when the CBM at the L and X valley, respectively, enter the energy window. The energy dependence of Im[Σ nk (T )] follows the electronic DOS, because the latter determines the available phase space for electron-phonon scattering events. In contrast to the degenerate conduction band, the presence of multiple valence bands allows for both inter-and intraband transitions. As a consequence, Im[Σ nk (T )] increases smoothly with energy for holes. For electrons and holes, the electron-phonon scattering increases in efficiency at higher temperatures because the number of phonons increases, facilitating phonon absorption by both carrier types. Figure 3(b) shows Im[Σ nk (T )] for monolayer CdTe. It keeps a constant value from 1.07 eV up to 1.5 eV and then abruptly increases due to the local minimum in the conduction band around the Y point. In the case of holes, Im[Σ nk (T )] remains constant from −1.07 eV down to −1.2 eV and then also increases due to the second VBM at the Γ point. The band structure becomes increasingly complex at higher excitation energies away from the band edges, and multiple extrema in the electronic band structure give rise to several peaks in Im[Σ nk (T )] for electrons and holes.
To analyze the photocarrier thermalization time, we set the reference level for the excess energy of hot holes and electrons to the valence and conduction band edges, respectively. Figure 4 shows the evolution of the hot-carrier population, start- ing from the initial one comprising 10 17 cm −3 and 10 11 cm −2 hot carriers at an excess energy of 0.2 eV for bulk and monolayer CdTe, respectively. The thermalized population is obtained from the Fermi-Dirac distribution, with the quasi-Fermi level set to a value that reproduces the same carrier concentration as initially present. This assumption is valid as long as the photocarrier thermalization is much faster than the electronhole recombination. Recombination times for carriers in bulk CdTe are reported [48] to vary from 670 to 60 ns at concentrations from 10 16 to 10 17 cm −3 . Figure 4 (a)-(b) shows the hot carrier populations for bulk CdTe. The spin-degenerate conduction band limits the electron-phonon scattering, slowing down electron thermalization substantially as illustrated by the blue color. In contrast, the holes thermalize much faster because of the broken degeneracy away from the VBM, allowing for both inter-and intraband scattering. Figure 4 (c)-(d) demonstrates that electrons and holes thermalize approximately at the same rate in monolayer CdTe, but the rate is much higher than in the bulk case. The reason becomes clear from Fig. 2 (c)-(d): Monolayer CdTe possesses a rich phonon spectrum that provides much more scattering channels than its bulk counterpart. Figure 5 summarizes our main outcomes regarding the thermalization time τ th , defined in Eq. (7) . We study τ th as a function of temperature over a range of excess energies |ζ| = 0.1, 0.2, 0.4, 0.8 eV. In the case of bulk CdTe, holes thermalize approximately two orders of magnitude faster than electrons at the same excess energy, see Fig. 5 (a)-(b). In the case of monolayer CdTe, the hole and electron thermalization times are of the same order of magnitude. But interestingly there is either very weak or almost no change of the τ th for electrons up to an excess energy of about 0.5 eV due to the degenerate conduction band and the constant DOS in this region. Thermalization times generally shorten with increasing temperature, and the reduction accelerates at temperatures above 100 K. Figure 5 (c)-(d) suggests extremely fast thermalization (τ th < 20 fs) in monolayer CdTe at high temperatures about 600 K. Nearly identical thermalization times for electrons and holes at low excess energies arise from a comparable DOS around the conduction and valence band edges.
IV. CONCLUSIONS AND OUTLOOK
We have studied the carrier thermalization in bulk and monolayer CdTe within a range of up to 0.8 eV away from the band edges. At low temperature, the photoexcited carriers in bulk CdTe thermalize on a 0.1-100 ps timescale, whereas in monolayer CdTe this process completes within 10-100 fs. Increased temperatures generally reduce the thermalization time. Our observations are consistent with the current understanding that reduced dimensionality leads to faster carrier thermalization [3] . The thermalization time also depends on the excitation energy and is, in general, substantially reduced, if the carriers are excited far away from the band edges. Our most unexpected observation is that the photoexcited electrons in monolayer CdTe comprise an exception from this rule: Their thermalization time does not depend on excess energy up to about 0.5 eV. We attribute the behavior to a parabolic conduction band that forms in the monolayer and whose band minimum is well separated from the other conduction bands.
Our discovery might help to exploit higher excess energies in CdTe-based optoelectronic and photovoltaic devices. Indeed, one of the promising strategies for increasing the amount of work done per absorbed photon is speeding up the photocarrier extraction into the external electrical circuit [4] . The carriers are then collected, while they are still hot or even out of thermal equilibrium. The saved excess energy can then be utilized for increasing the photovoltage. 2D materials might offer unprecedented opportunities along this path: Their thickness is so small that the photoexcited carriers could be extracted well before they thermalize and reach ambient temperature by means of phonon emission. The mechanism has recently been studied in a graphene-based van der Waals heterostructure [49] . However, the photocarrier thermalization time usually drops substantially with increasing excess energy, as one can see in Fig. 5(a) -(c). This is also true for other popular 2D semiconductors, including MoS 2 or WSe 2 . Once the photocarrier thermalization becomes faster than the extraction, the excess energy is wasted as heat in terms of lattice vibrations, no matter how high it was initially. Our main result, shown in Fig. 5(d) , thus suggests that monolayer CdTe could be used to circumvent this problem. Integrating a CdTe monolayer into a thin heterostructure might allow to extract a significant amount of photocarrier excess energy even though the extraction time may be rather long (hundreds of femtoseconds). Last but not least, CdTe is an established material in photovoltaic applications, offering a wide range of technological benefits such as low cost, commercial availability and scalability for streamline production. Our fundamental study could therefore be helpful for designing new optoelectronic components with improved efficiency in the near future.
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